The effect of β-carotene on the behaviour of polyethylene stabilized with α-tocopherol and a phosphonite antioxidant was studied under processing and storage conditions. The amount of β-carotene ranged between 0 and 2000 ppm. The polymer was characterised by different methods after processing then during and after storage at ambient temperature in light and dark. β-Carotene hinders the oxidation of polyethylene and does not increase the chain extension reactions during processing, though more vinyl groups and phosphonite molecules react. β-Carotene colours polyethylene strongly already at low concentrations. The reactions of the polymer and β-carotene are affected strongly by the storage conditions. The presence of β-carotene does not influence the stabilizing efficiency of the primary and secondary antioxidants. In dark the molecular structure of the polymer does not change appreciably, while the reactions of β-carotene lead to an increase in the yellowness index. In light the molecular characteristics of polyethylene undergo significant changes indicating long chain branching. The polymer fades rapidly after an induction period. The length of the induction period is not influenced by light. The rate of the degradation reactions of β-carotene during storage is controlled by its concentration and film thickness. Visible autoaccelerated decomposition in light renders β-carotene candidate as an indicator in active packaging materials.
Introduction
Polyethylene is one of the main components of modern food packaging materials used for various purposes. This polymer is of low density, translucent, water-resistant, harmless for human health, recyclable, and cheap. However, polyethylene has to be protected against degradation which occurs as an effect of heat, shear, oxygen and/or UV light during processing and application. The degradation of polyethylene starts at the weak sites of the polymer chains (double bonds, branching points) with the formation of alkyl radicals which react rapidly with oxygen yielding peroxy radicals. These abstract hydrogen atoms from the polymer backbone and the hydroperoxide groups formed decompose fast to reactive oxy and hydroxyl radicals resulting in an auto-accelerated degradation process [1] [2] [3] [4] [5] . Comparing the effect of unsaturations on the thermal-and photo-oxidative stability of polyethylene revealed that the number of unsaturated groups affect significantly thermal oxidation, while their concentration does not influence the rate of photo-oxidation [6] . The degradation of polyethylene can be inhibited by antioxidants. Combinations of hindered phenols and phosphorous antioxidants are usually used as processing stabilisers. The phosphorous antioxidant inhibits degradation reactions by decomposing hydroperoxide groups to alcohols and it reacts also with carbon-centred, peroxy and oxy radicals [1, 7, 8] . Its efficiency is affected strongly by its chemical composition and thermal stability, as well as the amount of oxygen present [7] [8] [9] [10] . Hindered phenols terminate autoxidation by trapping alkylperoxy, alkoxy and alkyl radicals [11] [12] [13] [14] . The efficiency of the phenolic antioxidant depends on the number of hydroxyl groups and the nature of substituents at the orto and para positions to the phenolic OH group [15, 16] . The synergistic effect of phenol/phosphorous antioxidant combinations compared to single antioxidants can be partly attributed to the reduced rate of consumption of each type of stabiliser during the processing of polyethylene [10] . Different synthetic antioxidants are used for stabilisation in practice. The stabilisation of polyethylene with natural antioxidants for packaging materials is a new challenge both from the scientific and the industrial point of view. Replacing synthetic phenolic antioxidants by them could stop worries caused by the possible harmful effects of their reaction products on human health [17] . Active packaging films can be produced by incorporating natural antioxidants into the polymer matrix resulting in quality improvement in different ways.
Some examples: 1) The shelf-life of oxygen-sensitive products can be prolonged by using radical scavenging natural antioxidants [18] [19] [20] [21] .
2) The migration of antioxidants (like vitamins, flavonoids) from the packaging material to the packaged goods may be also beneficial. 3) Most of the natural antioxidants are colourful substances. Intelligent packaging materials may be produced with their application, as the loss in colour can indicate the expiration of guarantee for the product.
β-Carotene is one of the colourful carotinoids with antioxidant activity. It is a stronglycoloured red-orange pigment present in many plants and fruits, like carrots, pumpkins, or sweet potatoes. β-Carotene is the pro-vitamin of vitamin A and is widely used as a colorant in foods and beverages. It is a non-polar highly conjugated lipophilic hydrocarbon compound (Table 1) . The eleven conjugated C=C double bonds serve as a chromophore moiety in the molecule, which is responsible for the light absorption and the colour of β-carotene [22] . Accordingly, β-carotene has a characteristic UV-VIS spectrum, in which the position of the principal absorption maximum (λ max ) depends on the configuration [23, 24] and oxidation of the molecule [25, 26] , as well as on the type of the solvent used [25, 27] according to the changes in transition energies between the ground and excited states.
The melting point of β-carotene is higher than 180 °C, but melting is not reversible and the true melting point cannot be determined [25] . Pure crystalline β-carotene (purified by fractional dissolution) is black but undergoes fast direct oxidation by air in the crystal phase even at low temperatures (-80 °C) in dark. Oxidation results in a change of colour to orange or red, the powder becomes similar in appearance and composition to laboratory samples available commercially [25] . The oxidation of β-carotene with molecular oxygen is an autocatalytic free radical process which leads to the formation of different epoxycarotenoids, apocarotenals, small molecular mass products, and some oligomeric/polymeric materials, some of them representing the key aroma compounds in certain flowers, vegetables, and fruits [28] [29] [30] [31] [32] [33] . The initial site of the oxygen attack on the β-carotene molecule occurs at the terminal double bonds resulting in predominant formation of epoxides [30, 34] . These and long chain β-apocrotenals formed in the first stage of oxidation decompose to lower molecular mass carbonyl-containing compounds in further oxidation reactions [30] . The pathway of cleavage of the molecule (central or random) is affected by the surrounding medium (type of solvent), as well as the absence or presence of a phenolic antioxidant [35] . Phenolic antioxidants, like BHT and α-tocopherol, inhibit the oxidation of β-carotene [30, 35] . β-Carotene is more resistant to heat than to oxygen [36, 37] . Besides isomerisation of cis-to trans-isomer, a few high molecular mass components are formed at high temperatures in nitrogen atmosphere, while polymerisation and decomposition reactions take place simultaneously in air [28, 36] .
As an effect of UV irradiation the C=C and C-C bonds of the hydrocarbon chain break leading to a loss of colour [22] . The UV stability of β-carotene can be improved by the addition of a photostabiliser which absorbs light below 465 nm [22, 38] .
β-Carotene is considered as a chain-breaking antioxidant, as it exhibits high reactivity towards carbon-centred, peroxy, alkoxy, and NO 2 radicals [39] . It can even prevent the photosensitisation of human skin [40] . According to Ozhogina and Kasaikina [31] β-carotene reacts primarily by the addition of free radicals to its conjugated system. The radical-trapping behaviour of β-carotene depends on the partial pressure of oxygen [41, 42] . It proved to be a good radical-trapping antioxidant at partial pressures lower than the pressure of oxygen in normal air. At higher oxygen pressures, β-carotene loses its antioxidant activity and shows an autocatalytic, prooxidant effect, particularly at relatively high concentrations. The mixtures of β-carotene, α-tocopherol, and ascorbic acid provide better protection against protein oxidation than any of the components alone [42, 43] .
Although the antioxidant activity of β-carotene has been investigated mainly in food and medical sciences, some experiments have already been carried out also in polymeric materials. Abdel-Razik [44] found that β-carotene increases the thermo-oxidative stability of ABS copolymer and explained the effect by the formation of biradicals which react rapidly with oxygen molecules inhibiting the formation of alkoxy and peroxy radicals from the polymer. López-Rubio and Lagaron [45] observed the UV stabilising effect of β-carotene in biopolyesters [poly(lactic acid), polycaprolactone, and polyhydroxybutyrate-co-valerate]. β-carotene plasticise these biopolymers already at small concentrations (0.4 w/w %) and a part of the effect is retained even after UV-VIS irradiation.
Preliminary experiments run in our laboratory revealed that β-carotene improves the processing stability of polyethylene. The positive effect is further enhanced by the addition of a phosphonite secondary antioxidant; the efficiency of this additive combination proved to be similar to that of the synthetic phenolic antioxidant package frequently used in industrial practice [46] . Gradual loss of the original orange colour of films stored in an artificially lighted room was observed in the experiment, which was attributed to the decomposition of β-carotene. As α-tocopherol inhibits oxidation of β-carotene [30, 35] , and a phosphonite antioxidant enhances its stabilising efficiency [46] , the effect of β-carotene on the characteristics of polyethylene was investigated in the presence of these additives in this work. Two main questions were studied: 1) the effect of the concentration of β-carotene on the processing stability of polyethylene; 2) changes in polymer characteristics during storage at ambient temperature.
Experimental
The experiments were carried out with the Tipelin FS 471 grade ethylene/1-hexene additive-free copolymer powder of Tisza Chemical Group Ltd. ( spectorscopy [47] . The concentration of the residual phosphonite and that of the vinyl and carbonyl groups in the processed polyethylene were determined from the absorbance spectra of compression-moulded films [9] . The UV-VIS spectra of 100 µm thick films were recorded in the wavelength range of 200-600 nm using a Unicam UV 500 type spectrophotometer. The absorption spectra are complex, as showed by Fig. 1 . The absorption band between 200 and has also a small band in this region. The main absorption band of β-carotene is located between 400 and 600 nm (blue-green region), and the band between 300 and 400 nm originates also from β-carotene; it is the cis-band region [23, 24] . The concentration of residual β-carotene in polyethylene films was calculated from the absorption intensity at 456 nm after calibration in cyclohexane solutions. This method yields approximate values for the concentration of β-carotene in polyethylene due to the effect of different factors (e.g., 
Results and discussion

Processing stability
The The melt flow index of the nascent polymer powder (0.32 g/10 min) decreases to 0.13 -0.14 g/10 min independently of the β-carotene content after processing (Fig. 3 ). This is a smaller change than without any stabiliser where MFI drops to 0.06 g/10 min. The independence of MFI from β-carotene concentration indicates that the reactions of vinyl groups do not always lead to the chain extension of the polymer, though the latter is characteristic for the degradation of Phillips type polyethylenes [10] . This can be attributed to the radical trapping ability of β-carotene at low oxygen concentrations [31, 41, 42] . β-carotene protects the polymer from oxidation during processing. In the absence of β-carotene the polymer oxidises slightly (0.042 mmol C=O/mol PE), but carbonyl groups are not formed when the concentration of reacted β-carotene is ≥200 ppm. These results can be explained by the reactivity of β-carotene towards oxygen and different radicals (carbon-centred, oxy) [30, 31, 39] . β-Carotene reacts fast with molecular oxygen present in small concentrations in the extruder and hinders the formation of peroxy macroradicals which are the precursors of oxidised derivatives. The reactivity of β-carotene towards oxygen leads to an opposite effect at high oxygen concentrations. The OIT measured at 200 °C in pure oxygen atmosphere decreases with increasing concentration of unreacted β-carotene (Fig. 4) , which confirms that β-carotene looses its antioxidant activity and has a prooxidant effect at large oxygen concentrations [41, 42] .
β-carotene colours polyethylene already at small concentrations due to its eleven conjugated C=C double bonds absorbing light in the blue-green region. Although the absorption intensity at 456 nm increases linearly with the amount of β-carotene added to the polymer (Fig. 1) , the yellowness index determined from the colour coordinates changes nonlinearly (Fig. 5a ). 250 ppm β-carotene increases the yellowness index from 2.5 to 135 and turns the visible colour from colourless to orange-yellow. With further addition of β-carotene the colour deepens gradually and turns from orange-yellow to red-orange ( Summarising the results we can conclude that β-carotene in combination with α-tocopherol and phosphonite antioxidants inhibits the oxidation of polyethylene, does not affect its melt flow index, increases the number of phosphorous stabiliser molecules participating in chemical reactions and colours the polymer to orange during processing.
Storage at ambient temperature
The film and sheet samples were stored at ambient temperature in dark and in light for various lengths of times. UV-VIS spectra and yellowness index were measured regularly as a function of storage time.
Some of the UV-VIS spectra taken from the film (100 µm thick) containing 1500 ppm β-carotene stored in dark for different times are shown in Fig. 6 . In the first period (8 days) isomerisation of β-carotene is revealed by the decrease in the intensity of the absorption band between 300 and 400 nm (characteristic of the cis-isomer) and the increase of the one appearing between 400 and 600 nm. The maximum of the main band shifts from 456 nm to 460 nm. This introduces some uncertainties in the determination of the concentrations of β-carotene from the UV-VIS spectra but deviations do not exceed 10 %. In the further period of storage in dark slow loss in the β-carotene concentration occurs which is less than 150 ppm after 133 days. The occurrence of some reactions of α-tocopherol is indicated by the increase in the intensity of the absorption between 250 and 300 nm and the shift of the peak maximum from 272 nm to 270 nm.
The yellowness index values of 1 mm thick plates stored in dark are shown as a function of time in Fig. 7 . An increase of YI can be observed even for the sample stabilised with α-tocopherol/phosphonite antioxidant combination without β-carotene. In this latter case yellowing of polyethylene can be explained by the reactions of α-tocopherol, as its transformation products are more coloured than the parent antioxidant [48] . µm thick films independently of the initial concentration (Fig. 10) , while it changes from 80 to 170 days with increasing initial concentration in 1 mm thick plates (Fig. 11) . It is also remarkable, that the length of the induction time of YI is similar in dark and light as shown in We can conclude that storage in light results in reactions of the unsaturated groups of polyethylene leading to long chain branching. After an induction time β-carotene decomposes in oxidation processes which protect the polymer from degradation in some extent and result in fast fading of polyethylene.
Conclusions
Studies of the effect of β-carotene in polyethylene stabilised with a combination of α- 
